We report on the observation of rich variety of crystallographic phase formation in RexMo1-xS2 alloy for x < 0.5. For x < 0.23, no low dimensional super-structural modulation is observed and inter-cation hybridization remains discrete forming dimers to tetramers with increasing Re concentration. For x > 0.23, super-strutural modulaton is observed. Depending on the Re concentrations (x = 0.23, 0.32, 0.38 and 0.45) and its distributions, various types of cation hybridization results in rich variety of low dimensional super-structural modulation as directly revealed by high resolution transmission electron microscopy. These layered alloy system may be useful for various energy and novel device applications.
Introduction
Atomically thin transition metal dichalcogenides (TMDs) e.g., MoS2, WS2, ReS2 etc. have attracted immense research attention in recent times due to their unique electronic properties in monolayer, few layers, and heterostructure forms. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] These layered TMDs exhibit various structural polytypes with distinct properties which are useful in many novel devices and energy applications. 11, [13] [14] [15] [16] [17] For example, the most stable form of monolayer MoS2 is 1H (trigonal prismatic, space group 6 ̅ 3/ ) which is a semiconductor with fundamental direct band gap of 1.88 eV [ → ] . In bulk form, MoS2 is an indirect band gap semiconductor with a band gap of 1.42 eV [ → Λ]. 18 Metastable 1T form of MoS2 is metallic in nature which is useful for charge extraction and the modulated 1Td semiconducting form is found to be suitable for hydrogen evolution reaction (HER) and supercapacitor application. 19, 20 Theoretical calculations of various other possible phases such as 1Tʹ (√3 × ) is predicted to exhibit nontrivial topological states 21 and the trimeric (√3 × √3 ) phase is predicted to be a thinnest ferroelectric material. 22 Since, each phase has their own unique properties, various efforts have been made to stabilise and engineer such phases. [23] [24] [25] [26] In this context it is already reported that Li intercalation stabilizes 2 × 2 (1Td) polytype whereas, K intercalation stabilizes √3 × √3 ( ≈ 0.3) and 2 × 2 (1Td) ( ≤ 0.3) polytypes depending on the K concentration. 27, 28 On the other hand, ReS2 belongs to Gr.-VII TMDs (space Gr. 1 ̅ ) which has a distorted octahedral structure and often termed as 1Td . 29 In 1Td phase, four Re atoms hybridizes to form super-structure. The origin of this type of periodic modulation lies at low dimensional Peierls distortions which is favoured if the strain energy associated with the modulation is compensated by opening up a band gap at the Fermi level. 30 ReS2 retains its fundamental direct band gap in more than monolayer form unlike MoS2 and this is attributed to its weak interlayer electronic and vibrational coupling. 31 The band gap of ReS2 is 1.52 and 1.42 eV in monolayer and bulk form, respectively which is advantageous over MoS2 in fabricating various thin electronic devices. 19 As already mentioned that the stabilization of various structural polytypes of layered TMDs have been reported to exploit their unique properties. Similarly, alloys between different TMDs have been explored to tailor the structure and properties. [32] [33] [34] [35] [36] [37] In this context, experimental study in Mo1-xRexS2 alloy system revealed two different polytypes at = 0.5 and a trimeric polytype at = 0.25. 32 The density functional theory (DFT) based calculation indicated that the Mo0.5Re0.5S2 alloy may be a suitable candidate for nanoscale switching application involving transformation between semiconducting to conducting state with a minute perturbation of ~ 90 meV and shown to be an efficient catalyst for HER. [32] [33] [34] [35] [36] [37] [38] The effect of Re substitution in MoS2 lattice on the structure and property has been reported by few groups. 24, [38] [39] [40] [41] [42] [43] Re prefer to substitute Mo lattice sites 43 and act as a n-type dopant by creating a shallow and deep defect level in bulk and monolayer form, respectively. 44, 45 HRTEM and HAADF imaging revealed various Re positions in MoS2 lattice: isolated dopant, dimer, trimer, tetramer and pathways to phase transition from 2H to 1Td structure of the alloy depending on Re concentrations. 32 A structural cross over from 1H to 1T polytype at = 50% has been predicted by theoretical calculation. 32 The detailed dynamics involved in such a phase transition can be found in a report where it was shown that the Re atom act as a nucleation site. 43 Subsequent report shows the composition dependent structure of Mo1-xRexS2 (0 < x < 0.2) alloy by X-ray photoelectron spectroscopy where Re-Re undergoes dimerization at x = 0.05 and tetramerization with further increase in Re concentration. 39 In the present report, we describe the rich variety of crystallographic phase formation for Re 
II.A. Material synthesis and experimental methods
In short, the synthesis process involved first mixing the Mo (powder, 99.9%, Sigma Aldrich), Re (1.00 mm diameter wire, 99.97%, Alfa Aesar) and S (powder-325 mesh, 99.5%, Alfa Aeser) in ratio of 3:1:8 and then placing it in a sealed in a quartz tube (10 -5 mbar). The sealed tube is then heated to 200 °C with a heating rate of 10 °C/h followed by annealing at the same temperature for two hours. After this the temperature is increased to 900 °C with a heating rate of 20 °C/h followed by annealing at the same temperature for 120 hours. The quartz tube containing powders is then cooled to room temperature under air and then sample is collected for various study. 
II.B. Calculation methods
Electronic structure calculations are performed using all electron density functional theory based WEIN2k code. 46 To 
III. Results and Discussion
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The rich variety of structures as recorded in HRTEM images is described first in succession with increasing Re concentration. The observed structural variations can be classified into two broad categories based on the cation-cation hybridization: (1) short range interaction and (2) periodic super-structural modulation. Short range interaction depicts local inter-cation interactions involving two or few atoms with shorter interatomic bond length compared to the surroundings. This is observed for alloys with < 23% where the global structure remains as The 1H structure of MoS2 has hexagonal geometry where Mo-Mo and S-S separation on the projected (0001) plane is 3.2 Å (Fig. 1(a) ). In case of ReS2, four Re Atoms hybridized to form
Re4 cluster leading to a quasi 2D chain-like (2 × 2 ) superstructure ( Fig. 1(b) ). The superlattice spots corresponding to the superstructure of ReS2 is shown in Fig. 1(d) and one such spot is marked with the red circle. Various Re-Re bond-lengths are outlined. The observed superstructures of the alloy system can be described in terms of deviation from the ideal MoS2 and ReS2 structures. Now to define the super-structures for the alloy system a unit cell consisting of four rhombuses is sketched with cations at its corners ( Fig. 1(e) ). This can be used to define various super-structural configurations in terms of inter atomic lattice vectors and angle subtended by them. The cation-cation hybridization can occur along three directions i.e. Fig. 2(a) . This local short inter-atomic distance is due to dimer formation involving pair of cations. The density of such random dimers increases with Re concentration of 7, 14, and 17 % (Fig. 2(b)-(d) ). Local clustering involving more than two cations can be observed for = 17% and is indicated in the image (Fig. 2(d) ). These are local tetramer type modulation having average lattice parameters: 1 = 2.6/2.8 Å, (Table II) . As the inter tetramer cluster distances are almost close to each other therefore from HRTEM image no clear asymmetric separation of clusters in terms of continuous dark channel contrast is observed which otherwise gets prominent with increasing
Re concentration. The observed large variation in lattice parameters is marked with the colour lines representing different magnitudes (Fig. 3 (e) ). The average superstructure in this case can be approximated by a 2a ×2a unit cell (inset Fig. 3 (d) ).
The Fig. 3 (f)-(j) are the structural details for alloy with = 32%. Clear super structure modulation can be observed from the HRTEM image ( Fig. 3(f) ). Four cations together forming tetramer cluster due to hybridization. Dark channels are visible at inter cation clusters regions.
The dark channels are more prominent and continuous along X direction compared to Y direction as indicated in the figure. Along Y direction, at some local places the width of the dark channel is varying suggesting local change in inter-cluster separation. This can occur if there are different types of cation participating into hybridization. In the present case between both Re-Mo and Re-Re and it is supported by theoretical calculation. Corresponding FFT image is given in Fig. 3(g) . The asymmetry in inter-cluster separation is also captured in terms of brightness of superlattice spots (marked with blue and red colour circles) which is different 9 along different directions. There are two pairs of bright spots marked by blue circles and one pair of weak spots marked by red circle in FFT (Fig. 3(g) ). The superlattice spots in FFT pattern is stronger compared to the 23% case. The average super structure modulation is 2a×2a ( Fig.   3(h) ). The average structural parameters are given in Fig. 3(i) . In this case the variation in lattice vectors is observed as well and is indicated with the colour lines in Fig. 3(j) . The details of the structure for = 38% is given in Fig. 3(k)-(o) . In this case, inter-cluster separation or magnitude of modulation along one direction is more compared to other directions. The asymmetry or anisotropy is clearly visible in the FFT pattern ( Fig. 3(l) ) and is marked with the blue circle along 1 ̅ 100 for brighter spots and red circles for less bright spot along 011 ̅ 0 and 1 ̅ 010 directions. The average super-structure is 2a×a and the structural parameters are given in Fig. 3(n) . Local variation of inter cluster distance can be measured from the HRTEM image and is shown in Fig. 3(o) . The asymmetry in direction of structural modulation further increases for alloy = 45% and the structure appears as one-dimensional chain like modulation or zigzag type [ Fig. 3 The schematics are presented in the order with decreasing stability and corresponding energy and lattice parameters can be found in Table III . The most stable configuration in the list is structure (a) and the energy difference between structure (a) and (b) to (e) are -2.85, -14.97, -15.58, -189.01 meV, respectively. In the most stable configuration of (a), there are two similar zig-zag chains of cations consisting of alternate Re and Mo atoms (Fig. 5(a) ). The cations are interacting between them along the bonding lines as shown in the bottom row. In structure (b),
Re is along the direction as marked by black arrow and there is a modulation in inter Re distance though there is no interaction between them. Distributing Re preferentially from two chains to single chain increases the energy of systems by 2.85 meV which is marginal (Fig. 5(b) ). In by X-ray photo absorption spectroscopy (XPS). 39 An increase in Re concentration, rhombus like cluster corresponding to Re tetramer was observed to form. The HRTEM image shows local tetramer formation for = 15% and the DFT calculation for 10% alloy affirms higher stability of tetramer cluster compared to dimer and random Re distribution in 1H lattice of MoS2. However, in this case there is no diverse types of inter-cation interaction considered for the calculation. In another report, an enhanced HER activity was reported for MoS2 alloyed with Re at 50% in 1Td configuration. 38 By HRTEM random distribution of Re at 5% and tetramer cluster at 55% in the MoS2 lattice in DT (2 × 2 ) configuration was shown. First principle calculation shows the stability of DT phase is more than 2H for = 50% particularly at wider channel regions of the DT structure. However, for x higher than 50%, HER activity was reported to decrease due to reduced density of states at the Fermi level.
The pristine monolayer 1H MoS2 has direct band gap of 1.7 eV at point 18 with direct band gap of 1.5 eV at Γ point. 18 The Re alloyed MoS2 can exhibit either 1H or 1Td
phase depending on Re concentration as discussed earlier using HRTEM images. Cohesive energy calculation based on fine sampling of composition for two different alloy structures reveal a structural cross over at 37.5% Re concentration which is less than earlier prediction (Fig .6) . The stable 1H alloy phases are found to be metallic in nature with Fermi level ( ) shifts into conduction band with no secondary minima at Λ point as observed for pristine MoS2
case. moves further deep into conduction band with increasing Re concentration (Fig.7) .
The major orbitals contributing near are Re and Mo 2 , 2 − 2 , and S orbitals In the present investigation a range of structural variation is observed due to the variation in Re concentrations. From discrete dimer to tetramer and with increasing Re concentration superstructure formation with increasing asymmetry of hybridization. In our earlier report we have stated that 1H to 1T structural cross over at = 50% from the theoretical calculation.
However, fine sampling of composition points reveals that the cross over occurs at ~ 37.5%
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( Fig. 6) . We see diverse interactions between cations, this suggests that the hybridization is not only expected Re-Re but also between Re-Mo and different combinations of these.
V. Conclusions
In conclusion, we have shown rich diversity of cation hybridization leading to variety of superstructural modulation in Mo1-xRexS system for x < 50%. For < 23%, only short-range interaction is observed. For > 23% super-structural modulation is observed, and asymmetry of modulation vector increases with Re concentration. Theoretical calculation suggests that interaction between cations is not only limited between Re atoms but also between Re-Mo atoms. The band structure of 1Td alloyed system for Re concentration (d) 37.50%, (e) 43.50% and (f) 50% with the orbitals contributing near fermi level are mentioned for each case.
TABLES
